. These experiments showed that reversal of nodal flow can completely tain the cation channel polycystin-2, and we found asymmetric calcium signaling at the left border of the reverse the LR axis in wild-type embryos, and that leftward nodal flow completely rescues left-right developnode. Based on these findings, we propose that leftright asymmetry in mice is initiated by an entirely ciliary ment in iv/iv mouse embryos. Although the experimental evidence strongly points to ciliary-driven leftward nodal mechanism. Dynein-containing, motile node monocilia generate leftward nodal flow, and non-lrd containing flow as the symmetry-breaking event in mouse, several questions remain unanswered. How does the embryo immotile node monocilia sense the nodal flow. Polycystin in mechanosensory node monocilia functions as a interpret leftward nodal flow, and what is the composition of motile node monocilia that distinguishes them mechanotransducer and generates an asymmetric calcium signal in response to nodal flow. from other, nonmotile monocilia?
In the current study, we analyzed mice expressing a GFP-tagged left-right dynein fusion protein and found Results that lrd protein has an exclusively ciliary location and function. Direct visualization of GFP-tagged lrd in mouse Generation of GFP-lrd "Knockin" Mutant Mice by Gene Targeting embryos demonstrated that there are two populations of monocilia at the mouse node: centrally located lrdTo directly visualize LR dynein in living mouse embryos, we have N-terminally tagged native lrd with GFP using containing motile monocilia and peripherally located antibodies ( Figures 2I-2J) . Consistent with the weak examined whole-mount fixed lrdGFP embryos by laser scanning confocal microscopy. At e7.5, the embryo has GFP signal observed in live trachea sections, there is only faint GFP fluorescence visible by immunocytoa well-developed primitive streak, the allantoic bud has formed and the node is visible at the distal tip of the chemistry of trachea (Figures 2O-2Q) . No GFP fluorescence is observed in nonciliated cells, and no GFP fluoembryo ( Figure 3A ). There is faint GFP fluorescence visible at the node, which appears as small dots in the rescence is seen in the cytoplasm of ciliated cells. We conclude that in the adult mouse, lrd protein is predomiventral node cells ( Figure 3B ). At e7.75-e8.0, headfolds are visible laterally, there is a prominent allantois, and nantly localized to cilia in a subset of ciliated epithelia.
In lrdGFP and wild-type embryos at the late primitive the node is a defined triangular depression that has begun to migrate posteriorly ( Figure 3C Figures 4E and 4F ). These data demonstrate that that this finding was not limited to an isolated, brief developmental time point. The distribution of lrd-negapolycystin-2 localizes to node monocilia and suggest that polycystin's role in left-right development is ciliative/polycystin-2 positive node monocilia is similar to the distribution of motile and immotile cilia observed by dependent.
YCC2 (
videomicroscopy. These data indicate that there are at least two distinct subpopulations of monocilia at the Polycystin-2 and Left-Right Dynein Identify Two node: centrally located, motile monocilia containing Distinct Subsets of Node Monocilia both the motor protein lrd and the cation channel polyTo examine the relationship between polycystin-2 and cystin-2, and peripherally located, immotile monocilia left-right dynein in node monocilia, whole-mount immuthat lack lrd but contain polycystin-2. nocytochemistry was performed using the YCC2 antipolycystin-2 antibody on lrd-GFP embryos. were harvested and analyzed like the lrd GFP/GFP embryos at the node. To ensure that embryos were studied during described above. In lieu of the fluorescently tagged cilia the time when there is nodal flow, the embryos were used for localization in the lrd GFP/GFP embryos, simultaneharvested at e7. Figures 6A and 6B , of fluid flow at the node, the perinodal calcium signal was Table 1 ). This asymmetric distribution of intracellular examined in Pkd2 Ϫ/Ϫ embryos. Embryos were harvested calcium was most prominent in cells at the edge of the from Pkd2 ϩ/Ϫ intercrosses. All late headfold stage emnode at a depth from the floor of the node slightly above bryos from these matings were imaged for Fluo3 fluoresthe tips of the node monocilia, which are visible due to cence in a blinded fashion and were subsequently genotheir green fluorescence. Very little calcium signaling typed by PCR after imaging. Pkd2 ϩ/ϩ and Pkd2 ϩ/Ϫ was observed in the cytoplasm of lrd-GFP containing embryos had increased intracellular calcium at the left of central node cells. In some embryos the calcium signal the node (Figures 6I and 6K ), while no perinodal calcium was limited to the cells at the immediate margin of the signal was observed in 3/3 Pkd2 Ϫ/Ϫ embryos that were node ( Figure 6A) ; in others the signal spread to a wider imaged ( Figures 6J and 6L , Table 1 ). These data suggest region of left-sided endoderm (Figures 6B and 6E ). To that polycystin-2 on mechanosensory node monocilia exclude the possibility that the observed asymmetry in functions as a mechanotransducer, transducing leftintracellular calcium transients was due to angulation ward nodal flow into an increase in intracellular calcium of the plane of the optical section through the node, a at the left margin of the node. Z-series of images extending 39 M from the floor of the node to a level well above the node monocilia was Discussion obtained in 4 embryos. Overlay of 13 sections of 3 m thickness each demonstrates that the LR asymmetry in (Figures 6C, 6E, and 6G) . Active ciliary movement itself Recent advances in the use of the autofluorescent green was visible, and the asymmetric left-sided Fluo3 fluoresfluorescent protein (GFP) as a reporter has permitted in cence was observed in 11/13 wild-type embryos that vivo examination of protein function during development were imaged. Since organized nodal flow occurs only of organisms such as C. elegans. In this report, we demduring a brief window of time, it is possible that the onstrate the utility of fusing GFP to a native protein in two embryos without a left-sided calcium signal were mouse and show that the GFP-tag is without phenotypic imaged immediately before or after nodal flow. No asymconsequence. This approach permits the sustained vimetric, right-sided Fluo3 fluorescence was observed in sualization of a given protein in a living embryo or animal, any of the embryos (Table 1) . No asymmetry in calcium and it permits a full appreciation of dynamic processes, signaling was observed in embryos studied before the such as ciliary movement. appearance of distinct, motile node monocilia or in embryos examined after the appearance of somites.
Utility of Green Fluorescent Protein to Study the calcium transients is present through the entire node Protein Dynamics In Vivo in the Mouse

Left-Right Dynein Localizes to a Subset of Motile Cilia Asymmetric Calcium Signaling at the Node
The in mice with absent cilia. If cilia and nodal flow produce It is possible that, at least in Xenopus, leftward nodal a left-sided calcium signal, one would expect normally flow is dependent on earlier LR information. Alternaleft-sided markers to be absent in mice that cannot tively, Xenopus may require two parallel pathways to generate the initial left signal. An alternative idea is that regulate left-right development, possibly due to the pronodal flow followed by asymmetric calcium signaling to longed developmental period preceding the onset of the left functions by imposing asymmetry on existing zygotic transcription, during which positional informasymmetric expression of genes such as nodal, lefty-2, tion acquired at the first cell division must be retained. and Pitx2. It is possible that the final decision regarding It is interesting to speculate that the local asymmetry in LR asymmetric organogenesis is made by a combination intracellular calcium may be communicated to neighof the timing, location, and expression level of asymmetboring cells via gap junctions, which would lend support rically localized molecules. In the absence of cilia and to the putative involvement of gap junctions in the devela left-sided calcium signal, the level of nodal remains symmetric, and lefty-2 and Pitx2 may be bilateral, but opment of LR asymmetry (Levin and Mercola, 1998). embryo.
Videomicroscopy Experimental Procedures
Embryos were isolated from timed pregnant female lrd GFP/GFP mice. The node was dissected and placed facing down into HEPES bufMutant Mice fered medium in a chamber with a coverslip bottom. They were The Pkd2 Ϫ/Ϫ mice have been previously described (Wu et al., 2000) . filmed using a Nikon Diaphot microscope equipped with a 100ϫ oil immersion lens and a Hitachi CCD camera. Derivation of lrdGFP mice A 5.75 kb genomic DNA fragment surrounding the first exon of lrd
